Avian acoustic communication has resulted from evolutionary pressures and ecological constraints. We therefore expect that auditory detectability in birds might be predictable by species traits and phylogenetic relatedness. We evaluated the relationship between phylogeny, species traits, and field-based estimates of the two processes that determine species detectability (singing rate and detection distance) for 141 bird species breeding in boreal North America. We used phylogenetic mixed models and cross-validation to compare the relative merits of using trait data only, phylogeny only, or the combination of both to predict detectability. We found a strong phylogenetic signal in both singing rates and detection distances; however the strength of phylogenetic effects was less than expected under Brownian motion evolution. The evolution of behavioural traits that determine singing rates was found to be more labile, leaving more room for species to evolve independently, whereas detection distance was mostly determined by anatomy (i.e. body size) and thus the laws of physics. Our findings can help in disentangling how complex ecological and evolutionary mechanisms have shaped different aspects of detectability in boreal birds. Such information can greatly inform single-and multi-species models but more work is required to better understand how to best correct possible biases in phylogenetic diversity and other community metrics.
Introduction
Birds use acoustic signals, or songs, to attract potential mates and defend their territories against competing males (Catchpole and Slater 2008) . The same auditory signals are utilized by human observers in point-count surveys to estimate bird abundance (Ralph et al. 1993) . The ability of an observer to detect an individual bird (detectability) is determined by the patterns of the signalling behaviour, and the reliability of signal transmission between the bird and the observer (Alldredge et al. 2007 ).
Understanding how variation in singing behaviour and signal transmission leads to imperfect detection is important for single species conservation and management (Kellner and Swihart 2014 , Guillera-Arroita et al. 2015 , Alexander et al. 2017 , Guillera-Arroita 2017 . There is growing evidence that species traits can be important predictors of detectability (Seoane et al. 2005 , Garrard et al. 2013 , Denis et al. 2017 and that phylogenetic relationships can be utilized in joint community models that consider imperfect detection (Frishkoff et al. 2017) . Because avian singing behaviour and acoustic characteristics of songs are under directional selection (Thomas 1999) , we hypothesized that species' detectability in birds might be predictable by species traits, phylogenetic relatedness, or both. We expected that migratory strategy, body size, song frequency, habitat affinity, and nest height would affect species' detectability, as measured by two components of the detection process: singing rate as a measure of the signalling behaviour; and detection distance as a measure of signal transmission reliability. These two components of detection probability are multiplicative when turned into availability and perceptibility probabilities, respectively (see discussion in Nichols et al. 2009 , Amundson et al. 2014 , and Supplementary material Appendix 1), with perceptibility usually dominating their effect (Sólymos et al. 2013) .
We expected that migratory species would have higher singing rates due to a condensed breeding season relative to residents, and because peak singing activity is expected shortly after arrival on the breeding grounds (Gordo et al. 2008) . We also anticipated that larger bodied species would have lower singing rates based on relationships with resting metabolic rate (Bennett and Harvey 1987, Read and Weary 1992) , as well as higher detection distances because they produce louder songs with greater resonance (Bowman 1979, Fletcher and Tarnopolsky 1999) and they tend to have lower pitched songs due to larger syrinxes (Ryan and Brenowitz 1985) . Related to this, species with low pitched songs should have greater detection distances because lower pitched sounds transmit further with less attenuation (Morton 1975) . Finally, we anticipated that species' habitat affinities (forest vs open habitats) should affect detection distance based on vegetation structure altering song attenuation and degradation (Morton 1975 , Yip et al. 2017 . We expected that nest height would influence detectability because song transmission is affected by forest strata where species usually sing (Mathevon et al. 1996 , Barker et al. 2009 ), and because ground-nesting species are selected for vocal rather than visual display to avoid predators (Shutler and Weatherhead 1990) .
In this study, we evaluated the relationship between phylogeny, species traits, and field-based estimates of detectability for 141 bird species breeding in boreal North America. We used cross-validation to compare the relative merits of using trait data only, phylogeny only, or the combination of both, to predict species detectability in the absence of field observations. We investigated which trait variables affect the different components of detectability, and to what extent traits and phylogeny are complementary in explaining variation in detectability across species. We discuss our findings in relation to their implications for estimating abundance of rare or data-poor species, and implications for diversity estimation in joint community modeling when species' detectability is influenced by certain traits or phylogenetic history.
Methods

Data
We used point-count survey data compiled by the Boreal Avian Modelling Project (Cumming et al. 2010 , Barker et al. 2015 . In a point-count survey, observers in the field stand at a point and record signals of individual birds over a specified time interval within a circle of given radius (Ralph et al. 1993 , Matsuoka et al. 2014 . Singing rate (SR; number of auditory signaling events/min) is related to the signaling behaviour and describes temporal aspects of detectability over the duration of the counts. Detection distance (DD; in units of 100s of m) is related to signal transmission reliability and describes the spatial aspects of the detection process as a function of the distance between birds and the observer. We previously estimated SR and DD for n = 141 species ( Fig. 1 ) based on time-removal models (Farnsworth et al. 2002) for SR and distance-sampling models (Buckland et al. 2001) for DD. The raw data included 251 751 survey events from 130 282 unique spatial locations collected between 1991 and 2014. We used data of bird species that emit auditory cues suitable for point-count sampling and had at least 25 detections in the data set. The detailed methods are given in Sólymos et al. (2013) , the estimates of SR and DD used in this study are available in Sólymos (2016) and the Supplementary material Appendix 1.
We extracted information on five candidate predictor variables from birds of North America species accounts Robbins et al. (1983) and Poole (2012) : migration strategy (migrants, winter residents); body mass (g, log transformed for analyses); habitat associations (forests and woodlands vs open areas such as shrubs, marshes, grasslands); minimum sound frequency (pitch, kHz, divided by 10 for analyses) of vocalizations; and minimum nest height above ground (m). We used 1000 pseudo-posterior trees from Jetz et al. (2012) with an Ericson backbone to represent the phylogenetic relationships among the species (Supplementary material Appendix 1 and Fig. 1 ).
We regressed log(SR) and log(DD) against the five predictor variables subject to backward stepwise model selection based on Akaike's information criteria (AIC, Supplementary material Appendix 1). We used the terms from the best supported linear models for log(SR) and log(DD) as predictors in subsequent phylogenetic models. We considered first order interactions among the variables but none of those explained a significant portion of the total variation. Therefore, we chose to focus only on main effects as part of the linear predictor component of the models. 
Phylogenetic mixed models
Phylogenetic mixed models (Revell 2010, Ives and Helmus 2011) with observation error were used to jointly estimate effects of predictors and phylogeny. We modeled real valued response variables (log of SR and DD for species i denoted as y i , i = 1,…,n) with observation error:
, where x i is the unobserved latent variable of interest and s i 2 is the observation error variance (Garamszegi 2014 ). The observation error component here is important because we use statistical estimates of log(SR i ) and log(DD i ) instead of field observations, thus our approach is similar to the phylogenetic meta-analysis described by Adams (2008) . Models for log(SR i ) and log(DD i ) estimates were fit independently of each other for each species following Sólymos et al. (2013) . We used empirical estimates of observation error based on the standard error (s i ) of the log(SR i ) and log(DD i ) estimates. The joint distribution of the unobserved dependent variable (x = x 1 ,…,x n ) was modeled as a multivariate normal distribution with mean vector (μ = μ 1 ,…, μ n ) and variance-covariance matrix Σ. The mean vector μ was defined as a linear combination of the predictor variables (n  p design matrix Z) with corresponding p unknown coefficients (β). Σ = σ 2 C[I + λ(1 -I)], where σ 2 was the between-species variance, C was the phylogenetic correlation matrix defined as median lengths of shared branches between species (Martins and Hansen 1997, Garland et al. 2000) from the 1000 trees. I was the n  n identity matrix, and λ described the strength of phylogenetic effects as a multiplier to the off diagonal elements of C (λ = 0 means no phylogenetic effect, and λ = 1 indicates random drift under Brownian motion evolution; Pagel 1999 , Freckleton et al. 2002 . Unknown parameters (β, σ 2 , λ) were estimated using maximum likelihood and differential evolution global optimization algorithm (Price et al. 2006 ). We used a parametric bootstrap procedure as described by Boettiger et al. (2012) to establish confidence intervals for the estimated parameters. This consisted of simulating data given the estimated parameters and the phylogenetic correlation matrix 999 times. Parameter estimates were then obtained for each of the simulated data sets. The 95% confidence intervals were calculated by the percentile (i.e. 2.5 and 97.5%) method using the bootstrap distribution of the 1000 (999 simulated and the original) estimates (Efron and Gong 1983) .
We defined four model classes: 1) M 00 : no phylogenetic effect and no covariate effects; 2) M λ0 : phylogenetic effect without covariate effects; 3) M 0β : covariate effects without phylogenetic effect; 4) M λβ : both covariate and residual phylogenetic effects estimated. We calculated ΔAIC for the models as the difference between model-specific AIC values minus AIC of the best-supported model, independently for SR and DD. AIC is known to be unreliable for model selection with phylogenetic components (Boettiger et al. 2012 ), therefore we calculated confidence intervals and assessed predictive performance based on cross validation (see next section). We used the 'ape' (Paradis et al. 2004 ) R package for phylogenetic tree manipulations and the 'DEoptim' package (Mullen et al. 2011) for optimization.
Data deposition
The raw data with the species' scientific names and trait values, and reproducible R (ver. 3.3.3; R Core Team) code used for statistical inference are available at  http://doi. org/10.5281/zenodo.596410  as the 'threg' R package and also in the Supplementary material Appendix 1.
Assessment of predictive performance
Predictive model performance was assessed separately for SR and DD using leave-one-out (LOO) cross validation (Roberts et al. 2017 ) based on the respective models best supported by ΔAIC. We estimated DD and SR for species i based on the observations of all other species (y (-i) ), excluding species i. Point prediction for species i given known phylogeny and covariate values was calculated based on the conditional
, where μ i was the marginal distribution depending on covariates (μ = Z T β), Σ i was 1  n, and Σ (-i) was an (n -1)  (n -1) block element of Σ based on known phylogenetic structure for n species. μ i * was compared to the empirical estimate of y i . We calculated mean squared error (MSE) based on the LOO cross-validation. We defined the percent variance explained as percent MSE explained by model m relative to the null model (S 2 m = 100 (MSE 00 -MSE m )/MSE 00 ). We calculated the percent variance shared between phylogeny and traits as S 
Results
Variable screening identified migratory status and song pitch as important predictors of SR (R 2 = 0.17, model M 0β ) explaining 13.4 and 3.6% of the total variation, respectively. The model with both trait variables and phylogeny (M λβ ) was best supported based on AIC, closely followed by the phylogenyonly (M λ0 ) model (ΔAIC = 1.7); the trait-only and constant models (M 0β , M 00 ) were largely unsupported (ΔAIC  8; Table 1 ). The estimate of the strength of phylogenetic signal was high (λ = 0.84, 95% CI: 0.58, 0.93) without trait variables (model M λ0 ), and it remained relatively high (λ = 0.79, 95% CI: 0.47, 0.90) after taking into account traits (model M λβ ) ( Table 1) . Migratory species had higher SR, while song pitch had a positive effect on SR (effects not significant for model M λβ ; Table 1 ). Phylogeny and traits jointly explained 25.8% of the total variation in log(SR), phylogeny alone explained 25.8%, traits alone explained 14.2%, all of which (14.2%) was shared between phylogeny and trait variables.
Variable screening identified four out of the five trait variables as important for DD (R 2 = 0.46, model M 0β ). Log body mass explained 34.2%, migratory status 5.8%, song pitch 1.8%, and habitat association 4.4% of the total variation. The trait-only model (M 0β ) was best supported based on AIC, the M λβ model with both trait and phylogeny effects led to identical estimates but was less parsimonious due to estimating λ (ΔAIC = 2.0), the phylogeny-only and constant models (M λ0 , M 00 ) were largely unsupported (ΔAIC  8; Table 1 ). The estimate of the strength of phylogeny was higher (λ = 0.76, 95% CI: 0.44, 0.89) without trait variables (model M λ0 ), and it diminished (λ = 0, 95% CI: 0, 0.001) after taking into account traits (model M λβ ) ( Table 1) . In other words, there was no residual phylogenetic effect once traits were accounted for. Winter resident species had lower DD, song pitch had a negative effect while body mass had a positive effect on DD, and species associated with open habitats had larger DDs (all effects significant; Table 1 ). Phylogeny and traits jointly explained 44.9% of the total variation in log(DD), traits alone explained 42.2%, phylogeny alone explained 21.5%, the variation shared between phylogeny and trait variables was 18.8%.
The predicted point estimates for SR showed a generally weak relationship with the original time-removal estimates, with 25.8% of total variation explained by the M λβ model. The 95% prediction intervals overlapped the original values only for 25 (17.7%) of the 141 species. Predicted values formed two distinct groups according to migratory strategy, with migrant species having higher singing rates (Fig. 2) . The unexplained variation led to considerable scatter in the plot, with 34 species having predicted values  150% or  66% of the original estimates. Twelve species had predicted SR  200% or  50% of the original estimates. E.g. willow ptarmigan Lagopus lagopus and Bohemian waxwing Bombycilla garrulus had higher, horned lark Eremophila alpestris and house sparrow Passer domesticus had lower predicted values (Fig. 2) .
The predicted point estimates of DD showed a reasonably strong relationship with the original distance sampling estimates as indicted by the 42.2% total variation explained by the M 0β model. However, the 95% prediction intervals overlapped the original values for 45 (31.9%) of the 141 species. Predicted values formed two slightly overlapping groups according to habitat association, with species preferring open landscapes having higher detection distances (Fig. 2) . Only seven species had point predictions  150% or  66% of the original estimates, and only mountain bluebird Sialia currucoides and spruce grouse Falcipennis canadensis had greater ( 200%) and black-billed magpie Pica hudsonia had lower (50%) predicted DD compared to the original estimates (Fig. 2) .
Discussion
We demonstrated that both components of the detection process, the signalling behaviour, expressed as singing rate (SR) and transmission reliability, reflected in detection distance (DD), were correlated with traits and phylogenetic relatedness but to different extents. Singing rate was best explained by the combination of phylogeny and trait variables although explanatory power of phylogeny was larger and the variation explained by traits was shared with phylogeny. We found that long-distance migrants sang at higher rates than resident birds, but we did not find evidence of our predicted relationships between singing rate and nest height or body size. These results and the considerable amount of unexplained variation in singing rates (74.2%) indicated that although singing rate was influenced by the timing of breeding, evolution of behavioural traits that determine singing rates appears more labile Table 1 . Parameter estimates for different phylogenetic mixed model classes (see Methods) for singing rate and detection distance as dependent variables with ΔAIC and leave-one-out (LOO) cross validation metrics (β: regression parameters, σ: between-species standard deviation, λ: strength of phylogenetic effects). Numbers in parentheses are 95% confidence intervals based on parametric bootstrap. Only traits selected by model selection from the initial linear models are presented. (Blomberg et al. 2003) , with species evolving under different constraints or being influenced by different ecological processes, e.g. density-dependent singing behavior. Detection distances were best explained by the traits-only model, explaining 42.2% of the total variation. As opposed to singing rates, phylogeny alone explained less of the variation in detection distances and most of that was shared with traits. Larger detection distances characterized species that have larger body mass, and as a result, louder songs at lower pitches. Migratory species and species associated with open habitats had larger detection distances. Our hypothesis regarding nest height and detection distance was not supported. These findings suggest that detection distance is mostly constrained by anatomy and thus the laws of physics in the sense that potential song volume is limited by body size (which alone explained 34.2% of the variation in logtransformed detection distances). Behavioural factors such as migration strategy and habitat selection were less important.
Model classes
Nevertheless, our assessment of predictive performance indicated that phylogeny can serve as a reasonable surrogate for detection distances, and to a lesser degree for singing rates, given the relatively strong phylogenetic signal in the data. Estimates of the strength of the phylogenetic effect (λ) under the phylogeny-only model were significantly greater than 0 (λ = 0.84 and 0.76 for SR and DD, respectively). The estimates were also significantly less than 1, suggesting that trait evolution leading to singing rates and detection distances did not evolve under a Brownian motion process. The Brownian trait evolution would assume an auto-correlated random walk for continuous traits. Deviation from this model implies that traits are shaped by non-random evolutionary processes (i.e. selection), or by random processes that act independently of phylogeny. Some of the alternative models that might lead to non-Brownian trait evolution include stabilizing selection (Martins and Hansen 1997, Butler and King 2004) and interspecific interactions (Clarke et al. 2017) .
The deviation from the Brownian expectation (0  λ  1) might also be a result of additional variation due to phenotypic plasticity, environmental heterogeneity, or other factors. Our approach also considered singing rates and detection distances fixed for each species, but in reality both of these quantities vary with respect to vegetation, geographic location, and date and time of surveys (Wiley 1991 , Alldredge et al. 2007 , Sólymos et al. 2013 . Our migratory status variable was found to influence species' singing rates most likely because our data were collected during surveys that targeted the peak singing period for migrants rather than resident birds (Handel et al. 2009 ). Likely sources for the unexplained variation in singing rates include environmental control of singing rates related to e.g. weather (Garson and Malcolm Jr 1979) , nesting success, and habitat quality (Conner et al. 1986 , Hoi-Leitner et al. 1995 . Similarly, habitat association was found to influence detection distances that can also be caused by different sound attenuation properties in these environments (Morton 1975 , Yip et al. 2017 , or due to bird vocalizations selected for these different environments (Brown and Handford 2000) .
The fact that singing rates and detection distances showed a strong phylogenetic signal has implications for estimating and correcting for detectability related biases in occupancy and abundance models. Our results regarding the trait variable effects can be used to validate the ecological plausibility of estimates from time-removal and distance sampling models based on relatedness of the species or known trait values. Phylogeny and traits might be used to define groups of species for which the combined detection probabilities can be estimated jointly (Alldredge et al. 2007 ), or estimates available for closely related species can serve as a prior distribution in a Bayesian or empirical Bayes analytical framework, alleviating sample size limitations. A multi-species model could also utilize available traits and phylogenetic correlation, the statistical 'shrinkage' effect thus enabling more accurate inference for rare and cryptic species (Frishkoff et al. 2017 ). Phylogeny based correlations with the tempering effect of λ should provide valuable information to multi-species occupancy and abundance models in general because phylogenetic information is available for many vertebrate species (Jetz et al. 2012, Søren and Svenning 2015) . Whether phylogeny, trait variables, or the combination of those will provide more information cannot be determined in general, as demonstrated by our results, and the answer will likely depend on the nature of the taxonomic group, evolutionary mechanisms, and the detection process at play. The phylogenetic non-independence in traits affecting detectability has been documented for microbes (Kembel et al. 2012 ) and vascular plants (Davies et al. 2013) , and now for birds. In a recent review, Jarzyna and Jetz (2016) explored how this phylogenetic effect on detectability can bias empirical measures of phylogenetic diversity (Cadotte et al. 2010) . Relationships with different trait variables predict that larger-bodied migrant species associated with open landscapes (e.g. American robin Turdus migratorius, red-winged blackbird Agelaius phoeniceus, killdeer Charadrius vociferus) would be over-represented compared to small-bodied species living in closed forests (e.g. the winter resident brown creeper Certhia americana, or the migratory golden-crowned kinglet Regulus satrapa). Such biases would extend to more traditional diversity metrics too, irrespective of any phylogenetic bias. We must also note that empirically derived diversity metrics not only depend on detectability, but also on population density. It is well known for example that bird territory sizes scale positively with body mass (Schoener 1968) leading to lower population densities for large-bodied species. Larger home ranges for large-bodied species might also lower the proportion of time the species is within the survey area (Nichols et al. 2009 ). The extent to which these counteract the increased detectability will likely depend on the species, habitat, and geographic location.
Our results can help in disentangling how complex ecological and evolutionary mechanisms have shaped different aspects of detectability in boreal birds. From an applied perspective, phylogenetic and trait information can greatly inform single-and multi-species models (Warton et al. 2015 , Beissinger et al. 2016 ) when considering detectability related biases. More work is required to better understand how the phylogenetic and trait related signals affect diversity and other community metrics, and how to best correct possible biases.
